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INTRODUCTION
N-glycosylation is a major class of post-translational modification in eukaryotic cells (Helenius and Aebi, 2001) . The proteome of the model plant Arabidopsis thaliana comprises a large number of secreted/membrane-bound proteins with one or more potential N-glycosylation sites. In one proteomic study, 2229 N-glycosylation sites were identified empirically in 912 glycoproteins of Arabidopsis (Ma et al., 2016) . N-glycosylation usually occurs in the luminal space of the endoplasmic reticulum (ER), the entry site into the secretory system. N-glycosylation is catalyzed by the oligosaccharyltransferase (OT) complex, a multi-subunit enzyme (Silberstein and Gilmore, 1996; Helenius and Aebi, 2001 ) that transfers a pre-assembled oligosaccharide (Glc 3 Man 9 GlcNac 2 ) from the dolichol-pyrophosphate lipid anchor to the side-chain amino group of an asparagine residue in the sequon (Asn-X-Ser/Thr) of nascent polypeptide chains. These attached core N-glycans are part of an essential protein folding/quality control machinery operating on secreted/membrane proteins in the ER lumen, including some proteins (e.g. carboanhydrase) that are targeted to plastids via the ER (Buren et al., 2011; Lehtimaki et al., 2015) .
To date, eight subunits of the OT complex encoded by nine genes [OST1 (OLIGOSACCHARYLTRANSFERASE 1), OST2, OST3/6, OST4, OST5, WHEAT GERM AGGLUTININ-BINDING PROTEIN 1 (WBP1), SUPPRESSOR OF WBP1 (SWP1) and STAUROSPORINE AND TEMPERATURE SENSI-TIVE3 (STT3)], which may form three sub-complexes, have been identified in the yeast Saccharomyces cerevisiae (Knauer and Lehle, 1999) . By contrast, seven subunits encoded by nine genes were found in human cells (Karaoglu et al., 1997) . The OT complex resides in the rough ER and is associated with membrane-bound ribosomes carrying mRNA at the Sec61 translocon/import pore, where a nascent polypeptide headed by a signal peptide enters the ER lumen (Walter et al., 1982) . In yeast, temperature-sensitive mutations in many OT subunit genes decrease protein N-glycosylation levels (Chi et al., 1996) . In several instances, these mutations are lethal at restrictive temperatures and trigger the unfolded protein response at permissive temperatures (Knauer and Lehle, 1999) . In human and mammalian cells, many N-glycosylation defects are embryo-lethal, and milder cases cause congenital disorders of glycosylation (CDG), whose symptoms appear in a wide range of organs (Freeze, 2013; Stanley, 2016) . Human cells contain two distinct OT complexes, containing different STT3 isoforms as the catalytic subunit. The human STT3A-containing OT, OT (STT3A), is responsible for co-translational glycosylation, whereas OT(STT3B) can also mediate post-translational glycosylation of the sites that have been missed by the OT (STT3A) complex (Ruiz-Canada et al., 2009) . Mutations in either isoform cause CDG (Shrimal et al., 2013) .
The genome of the model plant A. thaliana encodes homologs of mammalian and yeast OT subunits (reviewed in Strasser, 2016) , some of which have been experimentally characterized (Gallois et al., 1997; Koiwa et al., 2003; Lerouxel et al., 2005; Farid et al., 2013) . Notably, Arabidopsis also contains two STT3 subunits (STT3a and STT3b). Single mutants for STT3a or STT3b were viable, but stt3a stt3b double mutant were gametophytic lethal (Koiwa et al., 2003) . Underglycosylation in stt3a mutants particularly compromised abiotic stress tolerance of the host plants by affecting cell-wall biosynthesis (Koiwa et al., 2003) , which was later linked to the function of KORRIGAN1, a glycoprotein with extracellular endo-b1,4-glucanase activity important for cellulose biosynthesis (Koiwa et al., 2003; Kang et al., 2008; Rips et al., 2014) . Similarly, the function of several receptor-like kinases, including EFR1 (H€ aweker et al., 2010; Zhang et al., 2015) and the BAK1/SERK4 pathway (de Oliveira et al., 2016) involved in plant innate immunity pathways, were compromised in stt3a mutants. Unlike stt3a mutations, a stt3b mutant did not show any detectable underglycosylation or physiological defects on its own (Koiwa et al., 2003) . The stt3a-like phenotypes were associated with defects in the OST3/6 subunit, which co-immunoprecipitated with STT3a and OST4 when expressed in Nicotiana benthamiana (Farid et al., 2013) . In contrast to STT3a/b and OST3/6, the Arabidopsis WBP1 homolog is encoded by a single gene (DGL1, DEFECTIVE GLYCOSYLATION1) (Lerouxel et al., 2005) . No exon T-DNA insertion line for DGL1 was identified, and the lines containing a T-DNA insertion in the DGL1 promoter region produced embryonic (dgl1-2) or seedling (dgl1-1) lethal phenotypes, indicating that DGL1 is essential for cell survival. Unlike stt3a or ost3/6, however, dgl1 did not alter the glycosylation level of KOR1, even though it affected that of other glycoproteins (Lerouxel et al., 2005) . The function of Arabidopsis OST2 homologs, DAD1 and DAD2, in protein Nglycosylation was implied only by expression in heterologous systems. Namely, suppression of the temperature-sensitive phenotype of a mutant Chinese hamster ovary (CHO) cell line defective in the DAD1 homolog (Gallois et al., 1997) . In transgenic plants, DAD1 overexpression could protect the host from UV-C-induced cell death (Danon et al., 2004) . However, no OT-related phenotypes were established for dad1 or dad2 mutants. Arabidopsis HAPLESS6 (HAP6) encodes the SWP1 homolog. T-DNA insertion into the HAP6 promoter resulted in dysfunctional pollen grains (Johnson et al., 2004) . To date, plant OST1 isoforms have not been characterized.
To understand the structure and function of plant OT complexes and relate this information to the substantial body of genetic data it is necessary to isolate OT complexes from A. thaliana. Previously, plant recombinant protein expression systems have mainly used Nicotiana (tobacco) hosts, with which purification of OT complexes containing only Arabidopsis subunits was not possible. Here we report on a protein super-expression system using Arabidopsis callus cultures that is capable of a high-level production of recombinant proteins. The system is a modification of the platform previously reported by Butaye et al. (2004) and uses the rdr6-11 mutant with suppressed gene silencing as the expression host. Arabidopsis OT complexes containing tagged-recombinant STT3a and associated endogenous subunits were isolated by tandem affinity purification (TAP). Mass spectrometry (MS) of the purified complex identified several OT subunits and subunits from ribosome complexes bound to the OT. Furthermore, transmission electron microscopy (TEM) was performed to elucidate structural features of the purified OT with an interacting ribosome. These findings were complemented by binary interaction assays and mutant analyses, together demonstrating that the Arabidopsis OT retains structural and functional characteristics shared by other eukaryotic OT complexes. Moreover, our genetic analyses showed that the DAD subunit was indispensable for male fertility and OST1 was required for the function of both gametophytes.
RESULTS
A cell culture-based Arabidopsis protein super-expression system allowed an authentic OT complex to be produced Arabidopsis STT3a was important for osmotic stress tolerance of the host plants (Koiwa et al., 2003) . While STT3 subunits probably function as a central, membrane-integral core of the OT complex, OT complexes have never been isolated from plants before, nor has their subunit composition/ molecular structure been elucidated. To fill this gap in our knowledge we set out to obtain Arabidopsis OT complexes. To prepare the complex containing only authentic Arabidopsis OT subunits we first optimized protein expression in Arabidopsis. Production of sufficient quantities of raw material was achieved using a cell culture system. Design of the transgene expression cassette and a protocol for subsequent affinity purification were first done using mCherry as the model protein. The mCherry cDNA was placed downstream of the EL2-Ω promoter (Mitsuhara et al., 1996) and fused to a FSG tag (39 FLAG-streptavidin binding peptide-[TEV cleavage site]-29 protein G domains; Figure 1a ). In the streamlined protocol, T 1 plants obtained after floral transformation were screened for high fluorescence emission or by immunoblot analysis and were subjected to callus induction. As shown in Figure 1 (a) (top), the elite overexpression (mCherry-ox) cell line showed an intense red color under white light. In non-reducing SDS-PAGE analysis, the red color migrated at 45 kDa corresponding to the size of the tagged mCherry protein (Figure 1b) . Coomassie brilliant blue (CBB) staining of the gel revealed that the 45-kDa band was the most abundant protein in the mCherry cell extract. Tandem affinity purifications (TAP) yielded approximately 0.4 mg of high-purity mCherry protein from 1 g of Arabidopsis callus, demonstrating the effectiveness of the expression/purification system.
Identification of STT3a-associated protein complexes by tandem affinity purification Next, STT3a fused to the FSG tag ( Figure 1a ) was overexpressed and purified. The transgenic cells produced an anti-FLAG immunopositive band of about 90 kDa (Figure 1c) . The estimated mass was smaller than the theoretical mass of the STT3a-FSG fusion (108 kDa), probably because of multiple hydrophobic transmembrane domains in STT3a. The TAP procedure recovered an immunopositive 86-kDa band corresponding to STT3a-FS after cleavage of the protein G domain (Figure 1c ). The TAP-purified complex was subjected to SDS-PAGE, which resolved a predominant band corresponding to STT3a-FS and several co-purified polypeptides (Figure 1d ). Matrix-assisted laser desorption/ionization time-of-flight/time-of-flight (MALDI-TOF/TOF) tandem mass spectrometry analysis of the digested peptides identified the three major subunits of the OT complex, i.e. OST1a, DGL1 and HAP6. These peptides represent all three sub-complexes of eukaryotic OT, suggesting that the TAP procedure recovered intact plant OT complexes. Additional proteins identified were luminal binding proteins BiP1/BiP2 and various subunits of ribosomal proteins from both 40S and 60S complexes (Table 1 and Tables S1 and S2 in the online supporting information). Notably, an N-terminal peptide (AALESPLPGTPTAMR; amino acid position 2-16) of STT3a was also detected, confirming that the smaller apparent mass of STT3a-FSG was not due to N-or C-terminal truncation. These bands were distinct from the bands recovered from the untransformed cells or the mCherry-FSG-expressing cells. On the other hand, this analysis failed to detect the smaller subunits OST3/6 (36 kDa), DAD1/2 (12 kDa), and OST4a/b (4.2 kDa), perhaps due to the presence of a large number of ribosomal peptides which may have overlapped with the bands of small OST subunits during the SDS-PAGE separation. Also, at this point we did not identify extra peptides with transmembrane domain(s), which could be candidates for new plant-specific OT subunits. Alternative mass spectrometry strategies, such as liquid chromatography-mass spectrometry, may improve the sensitivity of the detection, particularly for the smaller subunits.
Among the identified proteins, the OT and ribosome subunits are known to form a complex in animal and S. cerevisiae cells (Kelleher et al., 1992; Harada et al., 2009) . However, interaction between OT complex components and BiP chaperon proteins had not been reported before. We hypothesized that during their biosynthesis BiP proteins bound to nascent polypeptides while still attached to OT. If so, it should be possible to wash off BiP from the OT complex using ATP-containing buffer (Snowden et al., 2007) . To test this possibility, OT complexes were pulled down using IgG sepharose and washed with buffer alone or with buffer plus ATP. As shown in Figure 1 (e), BiP proteins were retained on OT complexes only in the absence of ATP, in support of our initial hypothesis. Alternatively, BiP chaperones might remain attached to partially misfolded STT3a upon overexpression. Either way, we concluded that the association of BiP proteins with the OT Figure 1 . Protein super-expression and tandem affinity purification (TAP) system for Arabidopsis. (a) Left: schematic representation of the expression cassette for adding a 39 FLAG-streptavidin-binding protein-Protein G-tag (FSG-tag) to mCherry and STT3a. The expression of FSG is controlled by the EL2 promoter (Mitsuhara et al., 1996) the 5 0 -leader sequence of tobacco mosaic virus (TMV O), and two terminators (HSP18 and NOS terminator). Right: callus expressing mCherry (top row) or STT3a (bottom row). (b) Purification of recombinant mCherry from crude extracts of transformed calli. Total extracts and eluates after each affinity purification step were separated by 10% SDS-PAGE and photographed before and after Coomassie Brilliant Blue (CBB) R-250 staining. The arrowheads indicate positions of the mCherry.
(c) Purification of the STT3a complex from crude extracts of transformed calli. Total extracts and eluate after each affinity purification step were separated by 7.5% SDS-PAGE, and recombinant STT3a was visualized by immunoblotting with the anti-FLAG-HRP conjugate. (d) Protein profile of the Arabidopsis oligosaccharyltransferase (OT) complex assembled on recombinant STT3a after TAP. The final eluate was separated by 10% SDS-PAGE and stained with CBB R-250. The position of the purified proteins analyzed in this study is marked with labels. (e) Analysis of the BiP-OT interaction. The STT3a-based OT complex in the crude extract was bound to IgG sepharose and washed either with buffer alone or with buffer containing 3 mM ATP. Then the OT complexes were eluted by TEV protease treatment and separated by 7.5% SDS-PAGE. BiP and recombinant STT3a were visualized by immunoblotting using anti-BiP antiserum (Stressgen) (left) and anti-FLAG-HRP conjugate (right), respectively. complex was likely via their chaperone function and not due to intrinsic complex formation with the OT subunits.
Topology of STT3 -the N-terminus of STT3a and STT3b faces the cytosol
The above data suggested that STT3a was the central part of the plant OT complex. To confirm complex formation of STT3a with the identified subunits, as well as with subunits that were not identified in the MS analyses, we set out to conduct secondary in planta assays. To place interaction probes on the same side of the ER membrane it was important to determine the location of the N-and C-termini of the plant STT3 isoforms in the cytoplasm versus the ER lumen. The C-termini of the STT3 proteins harbor the catalytic domain and were thus predicted to reach into the ER lumen. However, no information was available for the location of the N-termini. Also, unlike the STT3 subunits from other organisms, Arabidopsis STT3a exhibits a hydrophobic N-terminus, which makes the prediction of its topology difficult. We prepared reporter fusions that express STT3a or STT3b with a redox-sensitive roGFP2 attached to their N-or C-terminal ends. In contrast to conventional GFP, roGFP2 has two fluorescence excitation maxima whose amplitude strongly depends on the redox state of the environment (Hanson et al., 2004) . Importantly, the 405 nm/ 488 nm ratio of the roGFP2 fluorescence excitation amplitude (405 nm/488 nm ratio hereafter) is lower in the reducing environment of the cytoplasm as opposed to the highly oxidizing environment of the ER lumen. Plasmids encoding STT3 isoforms fused to roGFP2 (and two control constructs, leaving roGFP2 in the cytoplasm or targeting roGFP to the ER lumen) were introduced into Arabidopsis protoplasts for determining their 405 nm/488 nm ratios. As shown in Figure 2 , the roGFP2 control in the cytoplasm exhibited a 405 nm/488 nm ratio of 0.53 and the one in the ER lumen had a ratio of 1.29, confirming localization dependence of the excitation maxima. The roGFP2 fused to the N-terminus of STT3a or STT3b produced low (0.29 or 0.53) 405 nm/488 nm ratios similar to the cytoplasmic roGFP2, whereas C-terminally fused roGFP2 produced high (1.51 and 1.41) 405 nm/488 nm ratios like the luminal roGFP2. These results indicated that both Arabidopsis STT3a and STT3b proteins possessed a cytosolic N-terminus and an ER-luminal C-terminus.
STT3a complexed with the ribosome
In planta luciferase complementation imaging (LuCI) assays were conducted to analyze complex formation between STT3a and ribosomal proteins (RPLs). LuCI is based on the reconstitution of a split firefly luciferase, i.e. an N-terminal 416-amino-acid (nLUC) fragment or C-terminal 153-amino-acid (cLUC) fragment fused to the test proteins. We prepared nLUC-STT3a and STT3a-nLUC expression cassettes, to present nLUC fused to STT3a on the cytoplasmic or the luminal side of the ER, respectively ( Figure S1a ). Each STT3a probe was co-expressed with each of the cLUC-RPLs in Nicotiana benthamiana leaves via the agroinfiltration method. We rationalized that if nLUC fused to the STT3a N-terminus was exposed to the cytoplasm it would reconstitute with cLUC-RPLs upon establishment of an STT3a-ribosome complex. By contrast, nLUC exposed to the ER lumen would fail to reconstitute with cytoplasmic cLUC-RPLs. Indeed, bioluminescence signals from reconstituted LUC enzymes were observed only when nLUC-STT3a was co-expressed with cLUC-RPLs (i.e. RPL7Aa, RPL7B, RPL10C, RPL15B, RPL18aB and RPL18C) ( Figure S1b ). On the other hand, STT3a-nLUC failed to interact with the cLUC-RPLs. These results confirmed that STT3a exposes a cytoplasmic N-terminus and an ER-luminal C-terminus, and indicate that the OT complex forms a super-complex with the ribosome.
STT3a forms a complex with multiple OT subunits
Next, we tested interactions between STT3a and other OT subunits in planta. The OT subunits identified by MS analysis include OST1a (At2g10720), DGL1 (WBP1, At5g66680) and HAP6 (SWP1, At4g21150). Also, putative OT subunits identified in the Arabidopsis genome by sequence homology, i.e. OST1b (At1g76400), OST2 (DAD1, At1g32210), OST4a (At5g02502) and OST4b (At3g12587), were included All the TOF-MS/MS data were searched against the UniProt protein sequence database using the GPS Explorer (Thermo Fisher, Waltham, MA, USA) software (Jeong et al., 2013) .
in the analyses. OST3/6 was excluded from this study because the interaction between STT3a and OST3/6 had already been reported (Farid et al., 2013; Muller et al., 2016) . The topology and presence of a signal peptide of each Arabidopsis OT subunit were predicted based on those of yeast and animal OT subunits (Kelleher and Gilmore, 2006) and by SignalP 4.1 (http://www.cbs.dtu.dk/ser vices/SignalP/) ( Figure S2 ). Accordingly, OST1s, DGL1, HAP6, OST4s and DAD1 were fused to cLUC at their prospective cytoplasmic C-termini, and were co-expressed with nLUC-STT3a in N. benthamiana leaves. Negative controls included singly expressed nLUC-STT3a or the cLUC test constructs as well as the cLUC constructs co-expressed with topologically unfavorable STT3a-nLUC ( Figure 3a ). Strong activity of reconstituted LUC was observed, specifically when cLUC fused to OST1a, OST1b, DGL1, HAP6 or OST4a was co-expressed with nLUC-STT3a (Figure 3b-f) . Reconstitution of LUC was somewhat weaker when STT3a was paired with OST4a, even though STT3 and OST4 are likely to reside in the same sub-complex. DAD1 produced a strong LuCI signal when cLUC was attached to the DAD1 N-terminus (Figure 3g ). Also, a weak signal was detected when cLUC was fused to the DAD1 C-terminus (Figure 3h ), even though the probe was predicted to reside in the ER lumen ( Figure S2 ). The C-terminal region of DAD1 is highly hydrophobic with probably only a few residues protruding from the membrane. Perhaps fusing cLUC to the DAD1 C-terminus interfered with insertion of the third transmembrane domain, resulting in cytoplasmic retention of cLUC. Similar observations were made when LuCI was conducted with the DAD1-DGL1 and DAD1-HAP6 combinations ( Figure S3 ).
Together, our proteomic and LuCI analyses indicated that the subunit composition of the Arabidopsis OT complex was very similar to that of fungal and animal OT complexes. To test whether complex formation occurred in/at the ER, subcellular localization of the complex was analyzed in Arabidopsis mesophyll protoplasts using bimolecular fluorescence complementation (BiFC) assays. For this purpose, fusion constructs encoding nYFP-STT3a, HAP6-cYFP and OST1a-cYFP, representing subunits within the three predicted sub-complexes of eukaryotic OT (STT3-OST4-OST3, DGL1-HAP6-DAD1 and OST1), were prepared. As shown in Figure 3 (i), co-expression of nYFP-STT3a with OST1-cYFP or HAP6-cYFP produced fluorescent signals that overlapped with the co-expressed ER-RFP marker. These results supported the idea that the Arabidopsis OT behaves similarly to the prototypical ER-localized eukaryotic OTs.
Structure of the OT-ribosome complex
To obtain insight into the higher-order structure of purified Arabidopsis OT complexes, TEM was employed. Negative staining followed by TEM and single-particle analysis visualized the general appearance of the Arabidopsis OT-ribosome complex (Figures 4 and S4 , Movie S1). The overall shape of its three-dimensional (3D) structure exhibited a remarkable similarity to the yeast OT-ribosome complex reconstituted in vitro (Harada et al., 2009) , including a bulge (8-10 nm wide) protruding from the main densities (about 20 nm wide) that potentially belong to the ribosome complex (Figure 4a-c) . To identify the location of the STT3a subunit within the plant-purified OT-ribosome complex, the recombinant STT3a protein was labeled with immunogold on its FLAG tag (Figure 4d) . A single gold Figure 2 . The N-terminus of Arabidopsis STT3 locates on the cytoplasmic side whereas the C-terminus faces the luminal side of the endoplasmic reticulum (ER). Ratiometric redox-state analysis of roGFP2 fused to either the N-or C-terminal ends of the two STT3 isoforms compared with the cytosolic (roGFP2) and ER luminal (roGFP2-ER) controls. Construct schemes (left) and bar diagram of the obtained redox ratios and corresponding false color images (right). Scale bars represent 3 lm. (1) cLUC fused to individual OT subunits on the cytosolic side of the ER. (2) Charge-coupled device (CCD) images obtained using cLUC fused to OST1a (b), OST1b (c), DGL1 (d), HAP6 (e), OST4a (f), DAD1 (N-terminal fusion, g) and DAD1 (C-terminal fusion, h). nLUC (-n), cLUC (-c) indicate N-terminal or C-terminal fragment of luciferase. The CCD images were recorded 3 days after infiltration of the Agrobacterium mixtures (100 ll) into Nicotiana benthamiana leaves. The color bar represents the luminescence intensity range for each image. (i) Bimolecular fluorescence complementation assay of STT3a-OST1a and STT3a-HAP6 interactions in Arabidopsis protoplasts. Plasmids encoding expression cassettes of STT3a fused to the N-terminal fragment of yellow fluorescent protein (YFP) (STT3a-nYFP) and OST1a or HAP6 fused to the C-terminal fragment of YFP (cYFP-OST1a/-HAP6) were introduced into Arabidopsis protoplasts. Reconstituted YFP fluorescence was monitored using a fluorescein isothiocyanate filter set 1 day after plasmid co-transfection. Fluorescence from ER red fluorescent protein (RFP) (Nelson et al., 2007) was observed using a rhodamine filter set and was used as a positive control for ER localization. Yellow signals in the merged images indicate co-localization of YFP and RFP. Scale bars represent 10 lm.
particle was detected on/near the bulge of each complex, suggesting that the bulge indeed represents the OT complex containing a single STT3a subunit. These pictures indicated that the Arabidopsis OT observed under the TEM probably represents a 1:1 complex with a ribosome. Thus, the higher-order molecular structure formed on the overexpressed STT3a subunit was retained in the TAP-purified Arabidopsis OT complex.
Genetic analysis of selected OT mutants
Among the OT subunits identified above, little was known about the in vivo roles of OST1 and DAD subunits in N-glycosylation of plant proteins. Therefore we conducted genetic analysis of Arabidopsis loss-of-function mutants to assess their roles in N-glycosylation states, growth performance and development. Insertion mutants were identified for two alleles of ost1a and one allele of ost1b, dad1 and dad2 in the T-DNA express database ( Figure S5a) , and corresponding homozygous mutants were isolated. Expression levels of the genes in the T-DNA insertion lines were evaluated by RT-PCR analyses ( Figure S5b ). OST1a transcripts were not detected in ost1a-1 (GK_507G01) regardless of the region analyzed by RT-PCR. By contrast, ost1a-2 (SALK_152692) appeared to produce transcripts containing the proximal region but lacking the distal region. Interestingly, ost1b (SALK_064777), containing a T-DNA insert in the sixth intron of OST1b, produced a transcript that skips exon 7 entirely. This caused an internal deletion of 30 amino acids (position 394-423) in the predicted luminal region of the OST1b protein. Overall, the obtained results indicated that not all ost1a and ost1b T-DNA lines produce intact mRNAs. In dad1 (SAIL_828_C02) the T-DNA was inserted in the second intron and RT-PCR analyses did not detect any transcripts. But in dad2 (SALK_015587) the T-DNA was inserted only 34 bases upstream of the DAD2 stop codon. RT-PCR analysis of DAD2 transcripts in the wild type revealed the presence of two fragments corresponding to the size of fully spliced DAD2 mRNA (AY087959 fragment) as well as a variant retaining introns 3 and 4 (AY049271 fragment). Neither of the two variants was detected in dad2 plants. However, mRNA was produced in which the DAD2 coding sequence was fused to the left border of the T-DNA sequence. The resulting transcript encoded a peptide in which the last 12 C-terminal amino acids (LVLHLVIINFLG) of DAD2 were replaced by the T-DNA encoded sequence (FLDNLITHCGRF) followed by a stop codon ( Figure S5c ). Membrane protein analysis (http://www.ch.embnet.org/software/TMPRED_form. html) predicted three transmembrane domains (TMDs) for wild-type DAD2 but only two for the dad2-encoded mutant peptide, suggesting that dad2 forms a polypeptide with structurally compromised C-terminus.
All five ost1 and dad single mutant lines (including two alleles of ost1a) were viable. To test genetic redundancy between paralogs of OST1 as well as those of DAD, genetic crosses were prepared (dad1 9 dad2 and ost1a-1 9 ost1b) and subjected to segregation analyses. Because ost1a-1 and ost1a-2 produced similar underglycosylation patterns (see below), only ost1a-1 (without detectable transcripts) was used for the genetic analysis. For both ost1 and dad F 2 populations no homozygous double mutant individuals were identified among over 100 tested F 2 segregants (see Table S3 for ost1), but plants homozygous for one isoform and heterozygous for the other, such as ost1a-1 ost1b/+ or dad1/+ dad2, were recovered. Surprisingly, all 50 tested F 3 individuals from the ost1a-1 ost1b/+ F 2 plant showed the ost1a-1 OST1b genotype, with no individuals carrying ost1b T-DNA. Similar results were obtained for the progeny of ost1a-1/+ ost1b (58 plants tested). This indicated that both male and female double mutant gametes were eliminated in the parental plants. Reciprocal crosses using [#1: ost1a-1/+ ost1b 9 wild type] and [#2: ost1a-1 ost1b/ + 9 wild type] combinations resulted in only one T-DNA (#1: ost1b, #2: ost1a-1) regardless of the direction (17-26 crossed seedlings were tested for each cross). These results established that OST1 was essential and the lack of both OST1 isoforms caused gametophytic lethality. Reciprocal backcross analysis using the wild type and heterozygote ost1a/+ ost1b/+ plants indicated that the ost1a-1 ost1b double mutation could be transmitted through female but not male gametes. Obviously, maternally provided OST1 can support the survival of female gametes, although with a low efficacy (Table S4) . Screening of the progeny produced from self-fertilized dad1/+ dad2 plants identified several viable dad1 dad2 homozygous double mutant individuals. The dad1 dad2 plants grew more slowly than the wild type and eventually matured to a similar size (Figure 5a ) but were sterile due to a pollen production defect (Figure 5b ). The dad1 dad2 anthers appeared shrunk and dried without releasing any pollen. Wild-type pollination of dad1 dad2 stigmas produced viable seeds. Hence, the DAD defect specifically affected the male gametophytes.
The effect of ost1 and dad mutations on protein glycosylation was analyzed using several hallmark assays established for the analysis of N-glycosylation mutants (Koiwa et al., 2003; Kang et al., 2008; Rips et al., 2014) . First, N-glycosylation levels of all cellular glycoproteins were analyzed using concanavalin A affino-blotting (ConA blot). ConA is a lectin that specifically binds to terminal mannoses. In Arabidopsis protein extracts, ConA produced a predominant signal with CBP65, a myrosinase protein containing eight N-glycosylation target sites (Koiwa et al., 2003) . As shown in Figure 6 (a) (left), compared with the Col-0 wild-type the mobility of CBP65 was increased in the two ost1a alleles. Moreover, the CBP65 bands became broader, indicating heterogeneity of the CBP65 N-glycosylation state in ost1a. The CBP65 signals were only slightly affected in dad1 dad2, suggesting that OT function is less compromised by the lack of wild-type DAD proteins. Underglycosylation in ost1a was supported by protein profile analysis after ConA affinity purification of cellular proteins, which visualized a mobility shift of CBP65 bands along with other bands in ost1a-1 (Figure 6a, right) . By contrast, immunoblot analysis of Golgi-type complex N-glycan decoration using antihorseradish peroxidase (anti-HRP) antibody produced equally strong signals in wild-type and ost1a mutant plants, whereas the complex glycan1-3 mutant (used as a positive control; Frank et al., 2008) , showed virtually no signals (Figure 6b ). This indicates that the ost1a-1 mutation (similar to stt3a) affects only the N-glycosylation state in the ER but not further N-glycan modification in the Golgi apparatus.
Because weak underglycosylation was detected in the ost1a lines, N-glycosylation of an additional marker protein was analyzed. The previously used GFP-KOR1g transgene (Rips et al., 2014) was introgressed into ost1a-1 and ost1b, and N-glycosylation levels of the GFP-KOR1 fusion protein were assessed by anti-GFP-immunoblotting. As seen previously, GFP-KOR1 gave rise to a doublet band on immunoblots (Figure 6c ). However, unlike CBP65, the size of GFP-KOR1 was indistinguishable between complemented rsw2-1 (wild-type equivalent), ost1a-1 and ost1b. Note that on both ConA and GFP-KOR1 blots, proteins from stt3a-2 produced clear mobility shifts caused by substantial underglycosylation.
When the growth of ost1 and dad mutants was compared with wild-type plants, all single mutant lines behaved similarly to the wild type, both under normal conditions and when challenged by 140 mM NaCl or 1 lg ml À1 tunicamycin, i.e. conditions that strongly inhibited the growth of the stt3a-2 mutant ( Figure S6a,b) . Because only ost1a showed some degree of underglycosylation, genetic interactions between ost1a-1 and stt3a-2 or rsw2-1 were analyzed ( Figure S6c,d) . Combinations with ost1b were included for comparison. Pyramiding ost1a-1 or ost1b with stt3a-2 or rsw2-1 did not substantially enhance the mutant phenotypes of stt3a-2 or rsw2-1 under standard or salt stress conditions, suggesting extensive functional redundancy between the ost1a and ost1b isoforms.
DISCUSSION
The A. thaliana genome encodes a set of OT subunit homologs similar to animal and fungal OT complexes. Some subunits have been characterized genetically and revealed similar hallmark loss-of-function phenotypes, such as lethality, salt sensitivity, cell-wall defects and enhanced susceptibility to pathogens (Johnson et al., 2004; Lerouxel et al., 2005; H€ aweker et al., 2010; Rips et al., 2014; de Oliveira et al., 2016) . The roles of other subunits were obscure, and no protein-level information was available. In contrast to the powerful genetic system, Arabidopsis has been a poor material for biochemical studies due to its small size. The preparative protein expression/purification system based on transgenic callus presented here offered recombinant Arabidopsis protein production in authentic host cells that were suitable for a variety of (c) Immunoblot analyses of KOR1-GFP in complemented rsw2-1 (a temperature-sensitive allele of kor1), stt3a-2, ost1a-1 and ost1b lines stably transformed with GFP-KOR1g (Rips et al., 2014) . Total extracts were separated by 6.25% SDS-PAGE and visualized by immunoblotting with anti-GFP antibodies. **Specific GFP-KOR1 bands. The bottom panels of blots the represent the Ponceau S-stained RbcL protein (PS), and serves as loading controls. analyses. Expression of the mCherry test protein reached an extremely high level. We estimate that up to 1 mg of protein could be purified from 2 to 3 g of cells, which is equivalent to one or two plate cultures of 7-to 10-day-old cells. The system was capable of producing a hybrid complex consisting of the recombinant STT3a subunit, other native OT subunits and a ribosome. The TEM analysis of the purified complex provided structural information on OT-ribosome association at the molecular level, demonstrating that the super-expression system and TAP procedure used here could yield an intact higher-order protein complex sufficient not only for basic characterizations but also for more demanding analyses. In plants, particularly Arabidopsis, up to now such analyses were only possible for highly abundant complexes such as the plastidial photosystem and mitochondrial electron transfer complexes (Kou ril et al., 2005; Klodmann et al., 2010) .
Together with previous reports, our study in Arabidopsis provided further evidence that plant OTs indeed contain subunits equivalent to those of animal and fungal OTs (Figure S2 ). While most of the fungal and animal OT subunits are encoded by a single gene, five of seven Arabidopsis OT subunits are encoded by two paralogs. Therefore, free combination of different subunit isoforms may produce OT complexes with different properties. Indeed, two types of human OTs, containing distinct STT3 subunit isoforms (STT3A and STT3B), were shown to exert distinct functions: the OT containing STT3A, OT(STT3A), catalyzed cotranslational N-glycosylation, whereas OT(STT3B) might also work post-translationally. In Arabidopsis OT complexes isolated by the STT3a-TAP procedure from transgenic calli, only OST1a of the two OST1 isoforms was detected. This may imply that subunit preference exists for Arabidopsis STT3a. However, we did not observe such isoform preferences in the binary LuCI interaction assays. Furthermore, in silico co-expression analysis using ATTED-II (http://atted.jp) (Obayashi et al., 2009; Aoki et al., 2016) showed that both OST1 isoforms are co-expressed with STT3a (Table S5) . Similar results were obtained for coexpression analysis of STT3b and the OST1 isoforms. Unfortunately, we were not able to get conclusive interaction data for STT3b using either TAP or LuCI assays because we could not recover transgenic plants overexpressing TAP-tagged STT3b after multiple attempts and only poor LuCI signals were detected for combinations including STT3b. Overexpression of STT3b could be toxic to plant cells because transient expression of STT3b in N. benthamiana induced leaf tissue necrosis. The mechanism of the observed toxicity of STT3b overexpression was not clear, but out-titration of STT3a is unlikely since Arabidopsis stt3a T-DNA insertion alleles did not show necrosis or lethality (Koiwa et al., 2003) .
The 3D model based on TEM analysis of the Arabidopsis OT complex revealed a structure that highly resembled that of the yeast ribosome-OT complex reconstituted in vitro (Harada et al., 2009 ). There, the ribosome was also bound to the Sec61 translocon complex, but we did not detect any Sec61 component in our MS analysis, indicating that the OT-ribosome interaction was more stable than the Sec61-ribosome interaction in vivo and/or during the TAP procedure. According to Harada et al. (2009) , the large (60S) subunit of the ribosome binds to the OT. It appeared that there were two or three major contact sites between the Arabidopsis OT complex and the ribosome. However, a higher-resolution technique (e.g. using cryo-electron microscopy data) would be necessary to elucidate more details of the complex structure. The stoichiometry of the yeast ribosome with OT in the complex was 1:1. The resemblance of TEM images from yeast and Arabidopsis OT-ribosome complexes indicates that Arabidopsis ribosomes and OT complexes probably also exist in 1:1 stoichiometry. These structural data are consistent with genetic evidence that OT-containing STT3a complexes function in co-translational N-glycosylation (see below).
It is interesting that Arabidopsis STT3a is more homologous to the human STT3B isoform with additional posttranslational functions (Ruiz-Canada et al., 2009) than to the human STT3A isoform with only co-translational functions. On the other hand, the observation that both stt3a and stt3b mutants were viable (Koiwa et al., 2003) supports the idea that both STT3 isoforms mediate prototypical cotranslational N-glycosylation reactions. Of note, STT3a showed properties associated with post-translational Nglycosylation, i.e. it accepted sequons close to the KOR1 transmembrane domain and at the peptide C-terminus (Rips et al., 2014) . Because the stt3b-1 mutant showed no clear growth/N-glycosylation defects (Koiwa et al., 2003) , Arabidopsis OT complexes harboring STT3a might exert the majority of all co-translational and post-translational N-glycosylation reactions in wild-type cells. This matches the results of overexpressing human STT3B, which partially suppressed STT3A deficiency in fibroblasts, but not vice versa (Shrimal et al., 2013) . Analysis of OT complexes assembled on specific OT subunit isoforms would further deepen our understanding of the relationship of subunit composition and function of plant OT complexes.
Importantly, both ost1a ost1b and dad1 dad2 double mutants could not complete their life cycles, which was similar to the case of stt3a stt3b (Koiwa et al., 2003) . However, the phenotypes of the double mutants were unique for each of the subunits. While our genetic data should be interpreted with caution, because we could test two alleles for ost1a while other mutations were represented by a single allele for each, specific genetic interactions between isoforms of OST1 as well as DAD supported the presumption that mutant phenotypes were caused by the T-DNA insertions in OT subunits. In the case of OST1, transmission of ost1a and ost1b mutations was severely compromised through both male and female gametophytes in the double mutants, showing partial transmission through the female gametophyte only in the presence of both functional OST1 subunits in the parental line. On the other hand, we were able to recover viable homozygous dad1 dad2 double mutant plants. However, these plants did not produce functional pollen, and therefore could not be propagated. In this respect, the dad1 dad2 results contrasted with those for the stt3a stt3b double mutants, which were both male and female gametophytic lethal (Koiwa et al., 2003) . Unlike stt3a (Koiwa et al., 2003) or ost3 (Farid et al., 2013) , mutations in single isoforms of the OST1a/OST1b and DAD1/DAD2 family members did not produce a strong underglycosylation phenotype, except for the mild underglycosylation effect on myrosinase detected in the ost1a mutant alleles. This implied that individual isoforms of the OST1 and DAD subunits are interchangeable, and the choice of isoform may not substantially alter the function of the resulting OT complexes. Still, it is possible that plant OST1 subunits have substrate specificity that affects only a subset of secretory glycoproteins, as reported for the human homolog (Wilson and High, 2007) .
EXPERIMENTAL PROCEDURES Preparation of transgenic Arabidopsis cell lines
A Gateway-compatible plasmid pEnEO-mCherry-FSG (GenBank accession number KF537342) was used to express mCherry. To prepare STT3a with a C-terminal TAP-tag, the mCherry coding sequence was excised from pEnEO-mCherry-FSG by SalI-ScaI digestion and replaced with the STT3a cDNA coding sequence, resulting in pEnEO-STT3a-FSG. This plasmid was recombined with pMDC99 (Curtis and Grossniklaus, 2003) using LR clonase (Thermo Scientific, https://www.thermofisher.com/). Agrobacterium tumefaciens-mediated transformation of rdr6-11 and callus induction was performed as described previously (Doelling and Pikaard, 1993; Fukudome et al., 2014) .
Tandem affinity purification
Purification of TAP-tagged OT complexes (STT3a-FSG) was performed as described (Van Leene et al., 2008) with slight modifications. The detailed procedure is provided in Methods S1.
In-gel proteolytic digestion and MALDI-TOF analysis
Protein identification by MS was conducted as described previously (Jeong et al., 2013; Fukudome et al., 2014) . The detailed procedure is provided in Methods S1.
Transmission electron microscopy and single-particle image processing
The TAP-purified OT-ribosome complexes were diluted with a solution containing 25 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, 150 mM NaCl, 0.5 mM EDTA and 0.1% NP-40 (pH 8) to give a final concentration of 100 nM. Five microliters of this sample was applied to carbon-coated grids that had been glowdischarged (Harrick Plasma, http://harrickplasma.com/) for 3 min in air, and then grids were immediately negatively stained using 1% uranyl acetate (Lee et al., 2016) . For immunogold labeling electron microscopy the OT-ribosome complexes (100 nM) were mixed with the anti-FLAG antibody (Sigma, http://www.sigmaald rich.com/) for 1 h (at a ratio of 1:2), then secondary antibodies conjugated with 6 nm gold particles (Abcam, http://www.abcam.c om/) were applied. The final mixture was left on ice overnight and negatively stained as described above. The samples were visualized using a Tecnai G2 Spirit Twin transmission electron microscope fitted with anti-contaminator (FEI, https://www.fei.com/; instrument at the Korea Basic Science Institute) operated at 120 kV. Images were recorded with a 4K 9 4K, Ultrascan 895 CCD camera (Gatan, http://www.gatan.com/) at a magnification of 30 000 (0.36 nm pixel À1 ). Single-particle 3D reconstruction was carried out using the EMAN package (Ludtke et al., 1999) . The particles in the micrographs were picked semi-automatically in 120 9 120 pixel boxes and picked particle images were masked and normalized to eliminate any variations in the density of images. A total of 1887 particles from negatively stained molecules of the OT-ribosome complex were subsequently processed for class averaging and 3D reconstruction applied with C1 symmetry. The resolution of the resulting density map was estimated by Fourier-shell correlation of the two halves of the data set, showing a resolution of 30.6 A at a threshold of 0.143. Estimated resolution and angle distribution of particles from the 3D density map of reconstructed Arabidopsis OT-ribosome complexes are described in Figure S2 . Chimera (Pettersen et al., 2004) was used for visualization and analysis of 3D volumes.
Redox-based topology analyses
The coding sequence of roGFP2 (Hanson et al., 2004; Brach et al., 2009) was amplified (construct provided by Dr Andreas Meyer) and inserted into a pGFP2-based expression plasmid (with the NcoI site in the 35S promoter being eliminated) after excising the regular GFP2-coding sequence with NcoI-SacI. The resulting expression vector with multiple cloning sites 5 0 of roGFP2 and 3 0 SpeI/BamHI sites (created by site-directed mutagenesis) was termed proGFP2DNcoI-SDM. Coding sequences of STT3a or STT3b were inserted either upstream or downstream of roGFP2 using XbaI-XhoI or SpeI-BamHI sites in proGFP2DNcoI-SDM, respectively. To prepare proGFP2-HDEL, roGFP2 was inserted between the 5 0 -signal peptide sequence of Arabidopsis vacuolar basic chitinase and the 3 0 -HDEL sequence in pOFP2-ER . Fluorescence images were recorded with a confocal laser-scanning microscope SP2 (Leica, https://www.leica-microsystems.com/) and excitation wavelengths at 405 nm and 488 nm. Ratiometric analyses were conducted with ImageJ (http://rsbweb.nih.gov/ij/) and the plug-in Ratio Plus (http://rsbweb.nih.gov/ij/plugins/ratio-plus.html) as described previously (Hanson et al., 2004) .
Protein interaction assays
The LuCI and BiFC assays were performed as described previously (Gehl et al., 2011; Jeong et al., 2013) . A detailed procedure is provided in Methods S1.
Genetic analysis of OT subunit mutant lines
The T-DNA insertion lines for OST1a (ost1a-1: GK_507G01, ost1a-2: SALK_152692), OST1b (SALK_064777), DAD1 (SAIL_828_C02) and DAD2 (SALK_015587) loci were identified in the T-DNA express database and obtained from the Arabidopsis Biological Resource Center (ABRC, https://abrc.osu.edu/) and Nottingham Arabidopsis Stock Centre (NASC, http://arabidopsis.info/). Intact and disrupted alleles of each locus were diagnosed by PCR using genomic DNA extracted as described (Kasajima et al., 2004) . Primers used for the analysis are listed in Table S6 . Primer combinations for PCR were as follows: ost1a-1, WT (J237/ J227) T-DNA (1163/J238); ost1a-2, WT (1426/1427), T-DNA (1426/ 188); ost1b, WT (J228/J229), T-DNA (J228/188); dad1, WT (J239/ J240), T-DNA (J239/864); dad2, WT (J241/J242), T-DNA (J241/ 188). For RT-PCR analysis, total RNA was isolated as described (Onate-Sanchez and Vicente-Carbajosa, 2008 ) and reverse transcribed using GoScript TM reverse transcriptase (Promega, http:// www.promega.com/). Primer combinations for subsequent PCR were as follows: OST1a (1540/1541) and (1542/1543); OST1b (1544/1545); DAD1 (N5/N6); DAD2 WT (1548/J242) and chimeric (1548/188). Primer sequences used are listed in Table S6 . For genetic analysis ost1a-1 and ost1b mutants as well as dad1 and dad2 mutants were crossed, and F 2 populations were screened for double mutant progenies. For reciprocal back-cross analysis, ost1a-1/+ ost1b/+ and Col-0, as well as dad1/+ dad2/+ and Col-0, were used as parents. F 1 seedlings were characterized to determine the segregation ratios.
Stress treatments
Arabidopsis seeds were sown onto cellophane membranes placed on hard agar plates containing basal MS medium (19 MS salts, 30 g L À1 sucrose, pH 5.7) and 15 g L À1 agar. Seeds were stratified at 4°C for 4 days, and then grown vertically at 25°C for 4 days under a 16-h light/8-h dark cycle. The membranes with seedlings were transferred to the above medium supplemented with NaCl, and root growth was scored 6 days later. For salt stress assay of plants with the rsw2-1 mutation the procedure was modified due to slow growth of temperature-sensitive rsw2-1 plants under the standard conditions. Assays were conducted at 18°C. Seedlings were grown vertically on basal medium containing (1/49 MS salts, 5 g L À1 sucrose and 15 g L À1 agar) for 5 days, then transferred to the medium with indicated concentration of NaCl. Root growth was scored after 7 days.
For testing plant germination on tunicamycin-containing medium, Arabidopsis seeds were sown onto regular agar plates containing basal MS medium (19 MS salts, 30 g L À1 sucrose, pH 5.7) and 8 g L À1 agar, supplemented with 1 lg ml À1 tunicamycin. Seeds were stratified at 4°C for 4 days, and incubated at 25°C under a 16-h light/8-h dark cycle for 10 days.
Protein analysis
Immunoblotting was conducted as described previously (Fukudome et al., 2014; Rips et al., 2014) . For ConA staining, 4-week-old Arabidopsis leaves were ground in extraction buffer (10 mM TRISHCl, pH 6.8) and the homogenate was centrifuged at 17 400 g for 10 min. From the supernatant, total soluble protein (25 lg) was resolved on a 7.5% SDS-polyacrylamide gel and transferred onto a nitrocellulose filter. Detection by ConA-alkaline phosphatase conjugate (bioWORLD, https://www.bio-world.com/) was performed as described previously (Koiwa et al., 2003) and the signal was developed using NBT/BCIP (Promega) in alkaline phosphatase buffer (100 mM TRIS-HCl, pH 9, 100 mM NaCl). Anti-HRP (Sigma) immunoblot was used to detect complex N-glycans. Total soluble protein (5 lg) was resolved on a 10% SDS-polyacrylamide gel and transferred onto a nitrocellulose filter. The blot was blocked with 6% skim milk in TRIS-buffered saline (TBS; 50 mM TRIS pH 7.5, 0.9% NaCl pH 7.5) and then incubated with rabbit anti-HRP antibody (Sigma P7899) diluted 1000 times in TTBS (0.05% Tween 20 in TBS) overnight in 4°C. After washing with TTBS, the blot was incubated with goat anti-rabbit IgG-HRP conjugate diluted 100 000 times in TTBS for 1 h. After washing with TTBS, the blot was developed with Supersignal West Femto kit (Thermo Fisher) and was documented with an EMCCD camera (Photometrics, https:// www.photometrics.com/). For anti-GFP immunoblot, tissues were homogenized in extraction buffer containing 100 mM HEPES, 2 mM 2-mercaptoethanol and proteinase inhibitor cocktail (Sigma) and centrifuged. The pellet fraction was extracted with 29 SDS-PAGE loading buffer. Extracts equivalent to 25 lg soluble fraction proteins were loaded onto a 6.25% SDS-polyacrylamide gel and were processed as described previously (Rips et al., 2014) .
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